In this study, a group of novel water soluble chitosan ammonium salts with halogens were successfully synthesized, including chitosan-bromoacetate (CSB),
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Introduction
Plant pathogenic fungi cause serious diseases to plants resulting in devastating effects on plant productivity and yield. Severe reduction of growth and yield of plants infected by plant pathogenic fungi significantly affects the economic development. As for crops and fruit plants, fungi cause more economic damage than any other group of microorganisms, and annual losses estimated at more than 200 billion $US [1] [2] [3] .
Fungicides are widely used to ensure high crop yields. However, increased use of chemical fungicides has resulted in contamination of the environment and also has been 14 associated with a wide spectrum of human health hazards, ranging from short-term ailments such as headaches and nausea to chronic ailments like cancer, reproductive harm, and endocrine disruption [4, 5] . Therefore, the development of natural alternatives for chemical fungicides has been one of the focuses of current research [6] .
Chitosan is one of the most abundant natural resources found on the earth and is generally prepared by the deacetylation of chitin, found in the skeletal materials of crustaceans and insects, and the cell walls of bacteria and fungi [7] . The chain structure of chitosan is mainly composed of β-(1,4) linked D-glucosamine [8] . As the only alkaline polysaccharose in the nature, chitosan has several extraordinary advantages, including biocompatibility, biodegradability, and innoxious [9] [10] [11] [12] , which brings some level of applications involving food [13] , pharmaceutical [14, 15] , beverages [16] , papermaking [17, 18] , packaging [19, 20] , and textiles [21] . However, chitosan has the poor water solubility in neutral and alkaline condition [22] , due to the linear aggregation of chain molecules and the formation of crystallinity caused by its intra and intermolecular hydrogen bonds [23] , limits its further industrial applications. So the good water-solubility is a essential factor in applications of chitosan. In addition, the finite biological activity would also be weighted against industrial applications of chitosan. To overcome such drawbacks, many researchers have focused principally on the development of chitosan derivatives with great solubility in water over a wide pH range and high biological activity by the chemical modification of chitosan [8, [24] [25] [26] .
However, complicated multi-step reaction steps and relatively expensive reaction reagents required in most of synthetic methods could inevitably reduce reaction yield and violate economical principles, which might go against the large-scale industrial production and application. Besides, in the post-processing of organic solvents, it is difficult to avoid the environmental pollution. Therefore, eco-friendly, handy, and efficient synthesis strategy on the use of non-organic solvents or nonsolvent has become the chief target and mission of chemists [27] [28] [29] .
It was reported that the antifungal property of chitosan and its derivatives could be 15 related to the different forms of nitrogen atoms of chitosan molecules [30] . Many researches had been found that the some forms of nitrogen atoms, such as primary amines [31] [32] [33] , imines [34] , secondary amines [35] , quaternary ammonium salts [7, 36] , could greatly increase the antifungal activity. Thereinto, quaternary ammonium salts were considered to have the best antifungal activity [30] . This great antifungal activity should be attributed to the positive charges of chitosan quaternary ammonium salts [36] .
As a form of nitrogen atoms of chitosan molecules, chitosan ammonium salts were analogous to chitosan quaternary ammonium salts in structural characteristics. However, there were by far very few research on synthesis and antifungal activity of chitosan ammonium salts. Meanwhile, halogens have played important roles in biological activity of compounds, which should benefit from they relatively strong electronegativity [37] . The groups bearing various types and quantities of halogens possess different electron-withdrawing property and easily cause electron-donating substitutes to show different positive charge densities. Therefore, the introduction of these groups bearing various types and quantities of halogens into chitosan ammonium salts could help study the relationship between antifungal activity and the positive charge densities of chitosan ammonium salts.
In this paper, we hereby report the green synthesis and antifungal property of a group of chitosan ammonium salts with halo-acetates as substituent including CSB, CSC, CSDC, CSTC, and CSTF in aqueous solutions. The desired chitosan ammonium salts synthesized via one step reaction were expected to have advantageous features such as good water solubility and high antifungal activity. The chemical structures of the derivatives were characterized by FT-IR, 1 H NMR, 13 C NMR, and elemental analyses. Three phytopathogenic fungi, F. oxysporum, C. lagenarium, and P. asparagi, were selected to evaluate the antifungal property of the derivatives by hypha measurement in vitro. 16 
Experimental

Materials
Chitosan was purchased from Qingdao Baicheng Biochemical Corp. (China). Its degree of deacetylation was 97%, and the viscosity-average molecular weight was 2.0 × 10 5 . The low molecular chitosan (LCTS) was degraded from the chitosan mentioned above. Bromoacetic acid, chloroacetic acid, dichloroacetic acid, trichloroacetic acid, and trifluoroacetic acid were purchased from Sigma-Aldrich Chemical Corp. (Shanghai, China). The other reagents were all analytical grade and were used without further purification.
The synthesis of the chitosan ammonium salts
The chitosan ammonium salts were synthesized as follows: chitosan (1.61 g, 10 mmol glucosamine units) was stirred in 15 mmol of 2% haloacetic acids aqueous solution for 12 h at 30°C. Cottonlike products were precipitated with excess acetone.
After dialyzed against deionized water for 2 days, the products were obtained by lyophilization of their aqueous solutions, yield: 57.1%-70.2%.
Analytical methods and antifungal assay
Fourier transform infrared (FT-IR) spectroscopic measurements were performed using a Jasco-4100 FT-IR spectrometer (Japan, provided by JASCO Co., Ltd. Shanghai, China) at 25°C in the range of 4000-400 cm -1 at a resolution of 4.0 cm -1 . One milligram of dry sample was mixed with 100 mg of dry KBr, and the mixed samples were pressed into pills with a compressor and prepared pellets were used for studies. 1 H Nuclear magnetic resonance ( 1 H NMR) and 13 C nuclear magnetic resonance ( 13 C NMR) spectra were all recorded on samples dissolved in D2O with a Bruker AVIII-500 Spectrometer (500 MHz, Switzerland, provided by Bruker Tech. and Serv. Co., Ltd. Beijing, China) at 25°C. Chemical shifts (δ ppm) were referenced to tetramethylsilane (TMS). The elemental analyses (C, H, and N) were performed on a Vario EL III (Elementar, Germany). The degrees of substitution (DS) of chitosan ammonium salts were calculated on the basis of the percentages of carbon and nitrogen. 17 Antifungal assay was performed based on the method of Guo et al [37, 38] . Briefly, the compounds (chitosan, CSB, CSC, CSDC, CSTC, and CSTF) were dissolved in distilled water at a concentration of 5 mg/mL. Then, to each solution, sterilized potato dextrose agar was added to give a final concentration of 0.1, 0.5, and 1.0 mg/mL. After the mixture was cooled in the plate, the mycelium of fungi was transferred to the test plate and incubated at 27°C for 2-3 days. When the mycelium of fungi reached the edges of the control plate (without the presence of samples), the inhibitory index was calculated as follows:
where Da is the diameter of the growth zone in the test plates and Db is the diameter of the growth zone in the control plate.
Each experiment was performed three times, and the data were averaged. All data were expressed as means ± SD. The Scheffe's method is a single-step multiple comparison procedure in analysis of variance which can apply to the set of estimates of all possible contrasts among the factor level means. It was used to evaluate the differences in inhibitory indices in antifungal tests. Results with P < 0.05 were considered statistically significant.
Results and discussion
Chemical synthesis and characterization
The synthesized chitosan ammonium salts are characterized by FT-IR (Fig. 1) , 1 H NMR (Fig. 2) , and 13 C NMR (Fig. 3) . Fig. 1 shows the FT-IR spectra of chitosan, CSB, CSC, CSDC, CSTC, and CSTF. These data indicate that chitosan ammonium salts are successfully synthesized.
Water solubility and antifungal activity
CSB, CSC, CSDC, CSTC, and CSTF have fine water solubility under the tested concentration (0.1, 0.5, and 1.0 mg/mL) at room temperature probably due to 19 carboxylate anions and amino cations as the hydrophilic moieties.
The elemental analyses, yields, and the degrees of substitution of chitosan ammonium salts are shown in Table 1 . The antifungal activities of chitosan and chitosan ammonium salts against three phytopathogenic fungi, F. oxysporum, C.
lagenarium, and P. asparagi, are shown in Fig. 4-6 . Original chitosan used in this paper has poor solubility in water, so water-soluble low molecular chitosan (LCTS) is chosen in antifungal activity test.
As shown in 76.5%, 77.9%, and 82.4% at 1.0 mg/mL, respectively. It is obvious that the inhibitory indices of five chitosan ammonium salts are higher than that of unmodified chitosan at the same concentration. Taking into consideration the relationships between inhibitory indices and DS of chitosan ammonium salts shown in Fig. 5 and Table 1 , the order of antifungal property against C. lagenarium is same to that of inhibitory effects against F.
oxysporum. Furthermore, the order of their antifungal activity is consistent with the electron-withdrawing property of different substituted groups with halogens. The substituted groups with stronger electron-withdrawing ability relatively possess greater antifungal activity.
The inhibitory indices of chitosan and the aimed products against P. asparagi are shown in Fig. 6 . All the samples show antifungal activity against P. asparagi, and these chitosan ammonium salts also possess a remarkable antifungal activity, compared with chitosan. Moreover, the inhibitory indices of CSDC, CSTC, and CSTF against P.
asparagi attain 80-plus percent at 1.0 mg/mL.
Based on the results mentioned above, significant inhibitory effects of chitosan ammonium salts against three kinds of phytopathogens were evidently enhanced at tested concentrations compared with chitosan. The antifungal activity exhibited by the synthesized chitosan derivatives was due to -NH3 + groups formed by protonation of amino groups [40] . These cationic amino groups might interact with the anionic components of the cell wall, such as glucan, mannan, proteins, and lipids, which could lead to the formation of an impervious layer on the microbial cell surface [30] . This non-permeable layer could hinder the transport of essential nutrients into the cell, such as glucose [7] . Besides, this interaction between cationic amino groups and anionic components might also cause severe leakage of the cell constituents by disturbing the cell wall and result in cell death ultimately [40] .
Generally, the antifungal activity decreased in the order: CSTF > CSTC > CSDC > CSC > CSB > chitosan, which was identical with the sort order of electronegativity ( -CF3 > -CCl3 > -CHCl2 > -CH2Cl > -CH2Br ) of substituent groups with halogens in 21 chitosan ammonium salts. It was inferred from the results that the antifungal potential of products was associated with the electronegativity of substituted groups with halogens.
After salt-forming reaction, the stronger electronegativity the substituent groups with halogens in chitosan ammonium salts showed, the higher positive charge densities the cationic amino groups could possess. The substituted groups with stronger electronegativity would draw more electrons from cationic amino groups [8, 36] . Thus, the positive charge densities of the cationic amino groups in chitosan ammonium salts should be relatively strengthened [40] . The cationic amino groups with higher positive charge densities were more prone to react with anionic components of the cell wall. This stronger adherence to the outer membranes of the fungi could more easily disrupt the microbial cell surface and hinder the transport of essential nutrients into the cell.
Therefore, the chitosan ammonium salts bearing stronger electronegative groups showed stronger antifungal activity.
Conclusion
In summary, a group of antifungal-polymer products including five chitosan ammonium salts with halogens were greenly synthesized via one step reaction with high degrees of substitution in aqueous solutions. The antifungal activity against three kinds of plant threatening fungi was estimated by hypha measurement in vitro. All the chitosan ammonium salts showed good solubility in water, and exhibited higher inhibitory indices than chitosan. These data indicated that the protonation of amino groups was important for the antifungal activity of chitosan derivatives and the antifungal activity was influenced by the positive charge densities strengthened by the electronegativity of the substituted groups in the chitosan ammonium salts. The chitosan ammonium salts with stronger electronegativity groups would have stronger antifungal activity. This report provides a handy, green, and efficient strategy to synthesize chitosan ammonium salts with high antifungal activity and they have the potential of becoming the promising candidates for the control over fungal plant diseases instead of 22 some harmful bactericides. 
